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Clinical PerspectiveWhat Is New?The risk of sudden cardiac death in families with short QT syndrome is high.Implantable cardioverter‐defibrillator implantation and cascade family screening is recommended in patients at high risk.What Are the Clinical Implications?The long‐term outcome of short QT syndrome is rather benign when patients undergo appropriate risk assessment and individualized treatment.

Introduction {#jah33620-sec-0008}
============

An alteration of corrected QT (QTc) interval, either shortening or prolongation, is associated with sudden cardiac death (SCD).[1](#jah33620-bib-0001){ref-type="ref"} Short QT syndrome (SQTS) is a rare, inheritable cardiac channelopathy associated with abbreviated QTc interval and risk of SCD. The prevalence of SQTS is 0.02% to 0.1% with a male predominance.[2](#jah33620-bib-0002){ref-type="ref"} The first SQTS cases were reported in 2000.[3](#jah33620-bib-0003){ref-type="ref"} Despite progress in the past decade, the diagnostic and treatment approach may challenge physicians because of its low prevalence and few published cases. There is agreement that in channelopathies, survivors of SCD are at high risk for recurrent ventricular tachyarrhythmia events, and therefore implantable cardioverter‐defibrillator (ICD) therapy is recommended.[4](#jah33620-bib-0004){ref-type="ref"}

The clinical presentation of patients with SQTS ranges from asymptomatic, palpitations, syncope, dizziness, atrial fibrillation, and SCD.[5](#jah33620-bib-0005){ref-type="ref"}, [6](#jah33620-bib-0006){ref-type="ref"} Family screening is mandatory when a patient receives a diagnosis of SQTS.[7](#jah33620-bib-0007){ref-type="ref"}, [8](#jah33620-bib-0008){ref-type="ref"}

Six subtypes of SQTS have been described. A gain of potassium ion channels was found in SQTS 1 to 3 affecting genes KCNH2, KCNQ1, and KCNJ2. In SQTS 4, SQT5, and SQTS6, a loss of calcium channels was found, affecting subunits of calcium channel encoding genes including CACNA1C, CACNB2, and CACNA2D1.[9](#jah33620-bib-0009){ref-type="ref"}, [10](#jah33620-bib-0010){ref-type="ref"} Overlap syndromes, such as SQTS accompanied by Brugada syndrome (BrS), have been reported.[11](#jah33620-bib-0011){ref-type="ref"}, [12](#jah33620-bib-0012){ref-type="ref"} Hyperkalemia or hypercalcemia, myocardial ischemia, acidosis, and carnitine deficiency are associated with SQTS. Hyperthermia can also induce a shortened QT interval. Furthermore, drugs such as digitalis, acetylcholine, catecholamines or ATP‐sensitive K+ channel activators, and antiepileptic drugs may induce QT shortening.[13](#jah33620-bib-0013){ref-type="ref"} Short QT intervals have also been associated with epilepsy, particularly during ictal and postictal states.[14](#jah33620-bib-0014){ref-type="ref"}, [15](#jah33620-bib-0015){ref-type="ref"}, [16](#jah33620-bib-0016){ref-type="ref"}

Data on long‐term outcomes of families with SQTS and risk stratification are limited. Therefore, we sought to present the clinical profiles, diagnostic assessments, and outcomes of 7 families with SQTS that were consecutively admitted to our hospital. They have been followed up for 13.5±2.5 years.

Methods {#jah33620-sec-0009}
=======

The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure and will be provided on request to the corresponding author. SQTS was defined according to Gollob criteria published in 2011 and European Society of Cardiology criteria published in 2015.[10](#jah33620-bib-0010){ref-type="ref"}, [17](#jah33620-bib-0017){ref-type="ref"} In addition, family screening of first‐ and second‐degree relatives was evaluated. Baseline characteristics of patients with SQTS excluding those with SCD but without ECG documentation are presented. This study was conducted in compliance with the Declaration of Helsinki regarding investigations in human subjects. Informed consent was not required by the ethics committee of the Medical Faculty Mannheim.

Syncope was defined as loss of transient consciousness in the absence of other causes. Arrhythmic events were documented as ventricular fibrillation (VF)/ventricular tachycardia requiring resuscitation and/or defibrillation.

Of 10 families admitted to our hospital with suspected SQTS, 7 families fulfilled the SQTS criteria. From these 7 families, cascade family screening led to the diagnosis of SQTS in 10 affected relatives. QT interval was measured using the tangent method in the precordial lead presenting the highest T‐wave amplitude in V2 or V3.

Genetic Screening {#jah33620-sec-0010}
-----------------

For genetic screening of SQTS 1 to 6, DNA was analyzed using next‐generation sequencing of the affected genes KCNH2, KCNQ1, KCNJ2, CACNA1C, CACNB2, and CACNA2D1. Blood samples were analyzed consistent with the local ethics committee of the University Hospital Mannheim. The diagnosis of SQTS was independently reviewed by 2 experienced cardiologists.

Statistical Analysis {#jah33620-sec-0011}
--------------------

Data are presented as mean±SD for continuous variables with a normal distribution, median (interquartile range) for continuous variables with a nonnormal distribution, and frequency (percentage) for categorical variables. The Kolmogorov--Smirnov test was used to assess normal distribution. A Kaplan‐Meier curve was created indicating the risk of SCD and age. Statistical analysis was performed with SPSS statistical software version 23.0 (IBM) for all analyses.

Results {#jah33620-sec-0012}
=======

Demographics of 17 Patients With SQTS {#jah33620-sec-0013}
-------------------------------------

Baseline characteristics of patients with SQTS are illustrated in Table [1](#jah33620-tbl-0001){ref-type="table"}. We found 7 independent families with SQTS including 2 families with overlap syndrome with BrS. The mean age was 42 years (interquartile range, 0--67 years). The QTc interval was 324.9±40.8. Most patients and their relatives presented with symptoms including syncope (29%), palpitations (47%), atrial fibrillation (41%), and atrial flutter (12%). Cardiac arrest at admission was found in 3 patients. 12 Twelve patients with SCD underwent cascade family screening. In 6 of the 12 patients, SCD was documented during resting situations. Five patients were discharged on the antiarrhythmic drug hydroquinidine by expert consensus, 2 patients refused starting hydroquinidine, and 2 patients stopped using hydroquinidine because of poor compliance. Three patients started and continued hydroquinidine use and showed a QTc prolongation with no shocks or life‐threatening arrhythmia during follow‐up. One patient who experienced VF and was treated successfully by ICD shock also started hydroquinidine. No further VF events were documented during follow‐up.

###### 

Baseline Characteristics of Patients With SQTS at Admission

  Variables                        N=17
  -------------------------------- ---------------
  Demographics                     
  Age, median (IQR)                42.45 (0--67)
  Men, No. (%)                     8 (48)
  Symptoms, No. (%)                
  Syncope                          5 (29)
  Palpitation                      8 (47)
  SCD                              3 (17.6)
  Atrial flutter                   2 (12)
  Atrial fibrillation              7 (41)
  ECG data, mean±SD                
  QTc interval, ms                 324.9±40.8
  Quinidine, No. (%)               
  Yes                              6 (35)
  ECG after quinidine, mean±SD     
  QTc interval, ms                 409±41.63
  ICD implantation, No. (%)        
  Yes                              5 (29)
  No                               11 (65)
  Event recorder                   1 (6)
  Genetic screening, No. (%)       
  Unknown mutation                 4 (24)
  Known mutation                   13 (76)
  CaCN2b                           6 (35)
  CaCNA1C                          3 (17)
  KCNH2                            4 (23)
  SCN5a                            1 (6)
  Positive ajmalin test, No. (%)   7 (41)

ICD indicates implantable cardioverter‐defibrillator; IQR, interquartile range; QTc, corrected QT; SCD, sudden cardiac death; SQTS, short QT syndrome.

Genetic Screening {#jah33620-sec-0014}
-----------------

Genetic screening confirmed affected genes in 3 families: SQTS 1 consistent with a KCNH2 mutation (N588K) in 4 patients, SQTS 4 consistent with a CACNA1C mutation (C1442T) in 3 patients, and SQTS 5 consistent with a CACNB2b (G490R) mutation in 6 patients. Table [2](#jah33620-tbl-0002){ref-type="table"} illustrates patient characteristics according to SQTS genotype.

###### 

Characteristics of Different Types of SQTS

  ------------------------------------------------------------------------------------------------------
  Sex      Gene      Mutation   Current   Clinical Symptoms   Supraventricular Arrhythmias   SQTS Type
  -------- --------- ---------- --------- ------------------- ------------------------------ -----------
  Female   KCNH2     N588K      I~Kr~     Palpitation         Atrial fibrillation            1

  Female   KCNH2     N588K      I~Kr~     None                                               1

  Male     KCNH2     N588K      I~Kr~     Syncope             Atrial fibrillation            1

  Female   KCNH2     N588K      I~Kr~     SCD                 Atrial fibrillation            1

  Female   CaCNA1C   G490R      I~Ca,L~   None                                               4

  Female   CaCNA1C   G490R      I~Ca,L~   Palpitation                                        4

  Male     CaCNA1C   G490R      I~Ca,L~   Palpitation         Atrial fibrillation            4

  Male     CaCN2b    C1422T     I~Ca,L~   Syncope\            Atrial fibrillation\           5
                                          SCD                 Atrial flutter                 

  Male     CaCN2b    C1422T     I~Ca,L~   Syncope                                            5

  Male     CaCN2b    C1422T     I~Ca,L~   None                                               5

  Female   CaCN2b    C1422T     I~Ca,L~   None                                               5

  Female   CaCN2b    C1422T     I~Ca,L~   None                                               5

  Female   CaCN2b    C1422T     I~Ca,L~   None                                               5
  ------------------------------------------------------------------------------------------------------

I~Ca,L~ indicates L‐type calcium; I~Kr~, delayed rectifier potassium; SCD, sudden cardiac death; SQTS, short QT syndrome.

Clinical Profiles and Follow‐Up Data of Families With SQTS {#jah33620-sec-0015}
----------------------------------------------------------

The following symptoms were presented in all families: palpitations (6 families), SCD (5 families), atrial fibrillation (5 families), syncope (4 families), and atrial flutter (2 families). Affected genes were documented in 3 families (Table [3](#jah33620-tbl-0003){ref-type="table"}). The mean follow‐up time was 13.5±2.5 years. All families except for 1 that were lost to follow‐up were followed for at least 8 years.

###### 

Baseline Characteristics of SQTS Families

  Variables               Families (N=7)
  ----------------------- ----------------
  Demographics, No. (%)   
  Syncope                 4 (57.1)
  Palpitation             6 (85.7)
  SCD                     5 (71.4)
  Atrial flutter          2 (28.6)
  Atrial fibrillation     5 (71.4)
  Affected gene           3 (42.8)

SCD indicates sudden cardiac death; SQTS, short QT syndrome.

### Family 1 {#jah33620-sec-0016}

Patients from family 1 were referred for syncope, palpitations, and presence of SCD in their family (Figure [1](#jah33620-fig-0001){ref-type="fig"}A). Four of these family members showed an abbreviated QTc interval. One of these patients had SCD at the age of 62 years (QTc interval, 250 ms). Echocardiogram and cardiac magnetic resonance imaging excluded structural heart disease. An ICD was implanted in 3 patients with confirmed genotype‐phenotype SQTS (Figure [1](#jah33620-fig-0001){ref-type="fig"}B). Two patients were started on hydroquinidine. One patient had VF 19 months after ICD implantation that was terminated by an appropriate ICD shock. After this event, the patient was started on hydroquinidine. Follow‐up of this family over 16 years was without further events. Studying the phenotype of cardiomyoctyes from induced pluripotent stem cells of a patient from this family confirmed the malignant phenotype and the abbreviated action potential duration.[18](#jah33620-bib-0018){ref-type="ref"} Next‐generation sequencing using blood cells and fibroblasts from skin biopsy and reprogrammed pluripotent stem cell samples confirmed a pathogenic mutation in the HERG gene (Figure [1](#jah33620-fig-0001){ref-type="fig"}C).

![**A**, Pedigree of a family with short QT syndrome (SQTS) with 4 cases of sudden cardiac death (SCD). **B**, Representative ECGs of 3 affected patients with SQTS showed an abbreviated corrected QT (QTc) interval. **C**, Identified missense mutation (**C** to **G** substitution at nucleotide 1764) in the KCNH2 gene using next‐generation sequencing from induced pluripotent stem cells reprogrammed from a skin biopsy of 1 patient.](JAH3-7-e010073-g001){#jah33620-fig-0001}

### Family 2 {#jah33620-sec-0017}

The pedigree of family 2 is presented in Figure [2](#jah33620-fig-0002){ref-type="fig"}A. A 41‐year‐old man presented with atrial fibrillation and an abbreviated QT interval (QTc, 347 ms). His baseline ECG results showed an elevation of V1 to V2 consistent with suspected BrS. His family history confirmed SCD of his brother at age 44. An autopsy was not performed (Figure [2](#jah33620-fig-0002){ref-type="fig"}B). Following intravenous ajmaline, increased ST‐segment elevation in leads V1 to V3 consistent with BrS was confirmed. During electrophysiology study, sustained ventricular tachycardia had been inducible by 2 extrastimuli. An ICD was implanted and hydroquinidine treatment was initiated. Cascade family screening showed affected daughters. Their genetic screening confirmed a pathogenic mutation in CACNB2b (G490R) mutation consistent with SQTS 4. No events occurred during a follow‐up of over 13 years.

![**A**, A 41‐year‐old man was admitted with atrial fibrillation and abbreviated QT interval (corrected QT \[QTc\], 347 ms). His family history confirmed a case of sudden cardiac death (SCD) of his brother at age 45 years. Cascade family screening and genetic screening confirmed short QT syndrome type 4. **B**, Representative ECGs of this patient showed a QTc interval of 347 ms. His baseline ECG results showed an elevation of V1 to V2 consistent with suspected Brugada syndrome.](JAH3-7-e010073-g002){#jah33620-fig-0002}

### Family 3 {#jah33620-sec-0018}

A 25‐year‐old patient was admitted to the hospital with aborted SCD. Results from his ECG showed an abbreviated QTc interval and ST‐segment elevation in V1 (Figure [3](#jah33620-fig-0003){ref-type="fig"}B). Ajmaline test confirmed BrS 1 ECG with coved ST‐segment elevation. An ICD was implanted and hydroquinidine prophylaxis was applied. Cascade family screening confirmed SQTS in 5 other first‐ or second‐degree relatives (Figure [3](#jah33620-fig-0003){ref-type="fig"}A). Genetic screening of this family confirmed a mutation of CACNB2b consistent with SQTS 5. No events have been documented during 15 years of follow‐up.

![**A** and **B**, Patient 1 was admitted to our hospital after cardiopulmonary resuscitation. His baseline ECG findings were suggestive of short QT syndrome (SQTS). Cascade family screening and genetic screening confirmed a mutation of CACNB2, a subunit of voltage calcium channel, consistent with SQTS type 5. QTc indicates corrected QT; SCD, sudden cardiac death.](JAH3-7-e010073-g003){#jah33620-fig-0003}

### Family 4 {#jah33620-sec-0019}

A 67‐year‐old woman was admitted to our hospital with palpitations. ECG results on admission showed an abbreviated QT interval (QTc, 320 ms). Her 40‐year‐old son had died suddenly. Further medical history confirmed 3 cases of SCD at the age of 18, 40, and 55 years, 2 of them at rest (Figure [4](#jah33620-fig-0004){ref-type="fig"}. Follow‐up of this family over 9 years did not document any additional events.

![Pedigree of a family with short QT syndrome (SQTS) with 4 cases of sudden cardiac death (SCD) at rest. No SQTS genes were affected. \*SCD at rest.](JAH3-7-e010073-g004){#jah33620-fig-0004}

### Family 5 {#jah33620-sec-0020}

A 62‐year‐old patient was admitted with recurrent syncope and palpitations. His baseline ECG results showed a QTc of 272 ms (Figure [5](#jah33620-fig-0005){ref-type="fig"}B). Family history confirmed 2 cases of SCD (Figure [5](#jah33620-fig-0005){ref-type="fig"}A). During electrophysiological study, VF was shown to be inducible. ICD implantation and starting hydroquinidine was recommended but not accepted by the patient. Follow‐up over 20 years showed no further cases of SCD. The patient continues to experience recurrent palpitation and atrial fibrillation.

![**A**, A 62‐year‐old patient was admitted with recurrent syncope and palpitation. **B**, The baseline ECG findings presented shortened corrected QT (QTc) interval \<300 ms. \*Sudden cardiac death (SCD) at rest.](JAH3-7-e010073-g005){#jah33620-fig-0005}

### Family 6 {#jah33620-sec-0021}

A 34‐year‐old woman was admitted to the hospital with recurrent syncope. Her ECG results showed a shortened QT interval (QTc, 320 ms) (Figure [6](#jah33620-fig-0006){ref-type="fig"}A). Other causes of syncope were excluded using Holter monitoring, magnetic resonance imaging, and echocardiogram. A Reveal recorder was implanted. This patient was lost to follow‐up.

![**A** and **B**, Two patients with short QT syndrome from independent families presented with a corrected QT interval (QTc) \<330 ms. One patient was admitted with recurrent syncope and the other with atrial fibrillation. SCD indicates sudden cardiac death.](JAH3-7-e010073-g006){#jah33620-fig-0006}

### Family 7 {#jah33620-sec-0022}

A 28‐year‐old man was admitted to the hospital with recurrent palpitations. Atrial flutter and atrial fibrillation were diagnosed. His ECG results showed a QTc of 307 ms. Family screening of his parents did not reveal any cases of SCD (Figure [6](#jah33620-fig-0006){ref-type="fig"}B). The patient has had no further symptoms after more than 15 years of treatment with hydroquinidine.

Discussion {#jah33620-sec-0023}
==========

We have described the clinical profile and short‐ and long‐term risk of SCD in 7 families with SQTS and found the following: (1) the risk of SCD in families with SQTS is high; (2) up to 86% of patients have symptoms, with a higher prevalence of palpitations followed by atrial fibrillation, syncope, and SCD; (3) ICD implantation is recommended in patients at high risk with a family history of SCD; (4) family screening of patients with SQTS is mandatory to avoid SCD in affected individuals; and (5) appropriate risk assessment and individualized treatment options (hydroquinidine/ICD) make the long‐term outcome relatively benign when patients are seen at a reference center.

SQTS is an inheritable disease and is associated with the risk of SCD. Gollob et al[10](#jah33620-bib-0010){ref-type="ref"} has recommended a QTc \<370 ms as a cutoff for diagnosis of SQTS. However, expert consensus suggests QTc \<330 ms as a stand‐alone criterion for SQTS diagnosis or a possible diagnosis if QTc is \<360 ms in combination with other risk factors including family history or presence of pathogenic mutation.[17](#jah33620-bib-0017){ref-type="ref"}

The presence of a genetic basis for SQTS has been described in up to 39% of published cases of families with SQTS.[19](#jah33620-bib-0019){ref-type="ref"} Here, we describe a genetic basis in up to 42% of our families, which is consistent with published data. None of our patients presented mutations in KCNQ1, KCNJ2, or the rarely described CACNA2D1. This low prevalence might be attributable to the low number of described families with SQTS and the incomplete understanding of the pathophysiology of SQTS caused by the absence of suitable SQTS models. However, recently published data have described a new genetic association of SQTS within the anion exchanger solute carrier family 4 member 3 (*SLC4A3*) gene.[20](#jah33620-bib-0020){ref-type="ref"} Its functionality has been characterized in Zebrafish embryos.[20](#jah33620-bib-0020){ref-type="ref"}

Atrial fibrillation has been reported in up to 11% of families with SQTS.[19](#jah33620-bib-0019){ref-type="ref"} Our data, however, show a prevalence of 41% among the families. At least 7 of 17 patients with SQTS experienced atrial fibrillation.

At admission, 2 patients with a genetic and phenotype SQTS presented with SCD (12%). Five patients with SQTS received an ICD. Among them, 1 patient, who received an ICD as primary prophylaxis because of short QT time \<280 ms and a family history of SCD, had VF 19 months after ICD implantation. Nevertheless, SCD did not occur in any of these patients during follow‐up. While Mazzanti et al[11](#jah33620-bib-0011){ref-type="ref"} presented a prevalence of 42% of SCD events in patients with SQTS, among them 9 patients with recurrent SCD, our data do not confirm this observation.

In all 7 families in our study, at least 1 symptom was the cause of admission and led to the diagnosis of SQTS. SCD was the leading cause of admission in our hospital in 4 families, atrial fibrillation was the leading cause for 2 families, and recurrent syncope was the leading cause in 1 family.

Of the patients with SQTS treated in our center during a median follow‐up of 164.5 months (interquartile range, 12--189 months), none died. In all families, 9 relatives had SCD without ECG documentation, a large part of them at younger ages (Figure [7](#jah33620-fig-0007){ref-type="fig"}. The present study shows a higher incidence of SCD in patients with SQTS in 12 cases of SCD in 7 independent families with SQTS, compared with previously published data.[11](#jah33620-bib-0011){ref-type="ref"}, [21](#jah33620-bib-0021){ref-type="ref"} Most patients with SCD were men (67%). This raises the predominance of SQTS in men and higher penetrance of SCD in this cohort as consistent with BrS. The present study on the long‐term follow‐up of families with SQTS had a median follow‐up of 164.5 months, a longer period compared with previously published data, with a follow‐up of 56 months.[11](#jah33620-bib-0011){ref-type="ref"}, [22](#jah33620-bib-0022){ref-type="ref"}

![Survival curve presenting the risk of sudden cardiac death (SCD).](JAH3-7-e010073-g007){#jah33620-fig-0007}

Conclusions {#jah33620-sec-0024}
===========

Our data present an update of SQTS in 17 patients among 7 families with SQTS. The presence of SCD was documented in 12 cases among the family members. Most patients with SQTS presented with symptoms such as palpitations, atrial fibrillation, syncope, and SCD. Family screening is mandatory in affected patients. However, undergoing risk assessment and individualized treatment (hydroquinidine/ICD) can reduce the long‐term outcome when seen at a reference center.
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